INTRODUCTION
Biodegradable metallic materials represent a novel class of bioactive biomaterials that can temporarily support tissue healing and should progressively degrade completely without a negative effect on the healing process. [1] [2] [3] Potential applications of these biomaterials are paediatric, orthopaedic (fixation screws and pins) and cardiovascular implants (coronary stents). 1, 4 Biodegradable polymers were first investigated as bioactive biomaterials; however, in recent years biodegradable metallic materials, especially Fe and Mg alloys, have received more attention due to their superior mechanical properties and their cytocompatibility. [1] [2] [3] 5 Compared with Mg-based materials, Fe-based materials possess similar mechanical properties to stainless steel and are more attractive for applications that require high strength and ductility. 1 Despite the immense potential of Fe and Mg alloys, experiments and clinical trials also exposed their weaknesses: too rapid degradation rates, poor mechanical properties and significant hydrogen evolution during the corrosion process of Mg-based alloys and a too slow degradation of Fe-based alloys. [5] [6] [7] [8] Fe-based alloys may also present problems with certain imaging devices (magnetic resonance imaging, for example) due to the Fe's ferromagnetic nature. However, alloying and heat treatment can modify the mechanical, corrosion, and ferromagnetic properties of pure Fe. 1, 2 The choice and the amount of alloying element is important with respect to the toxicity and degradation behaviour of the Fe alloy. 2 Mn represents a suitable alloying element based on microstructural, magnetic, corrosion, and toxicological considerations. 2 Mn (austenite-forming element) transforms Fe into a nonmagnetic material, lowers the standard electrode potential of Fe and thus enhances the degradation of the material, which represents an essential trace element necessary in many enzymatic reactions. Newly developed Fe-Mn-based alloys containing up to 35 % of mass fractions of Mn have comparable mechanical properties to stainless steel, faster degradation and improved MRI compatibility. 1, 2 Despite this, the low corrosion rate still represents the major problem fornewly developed Fe-Mn-based alloys.
Non-conventional processing techniques such as powder metallurgy, electrodeposition and inkjet 3D-printing can achieve the faster degradation of Fe-Mn alloys.
1,2 However, these techniques are rather complex and expensive, therefore it is necessary to further investigate conventional methods, such as casting with additional steel-processing techniques in order to find an economically favourable solution. Research has rarely been made on the influence of subsequent processing and heat treatment on the properties of any conventional, cast, biodegradable, metallic materials, including Fe-Mnbased alloys. The aim of the present study was to investigate the influence of three basic steel-processing methods (casting, hot rolling and annealing) on the corrosion behaviour of the biodegradable Fe-Mn-based alloy due to the formation of less-corrosion-resistant deformational martensite. 9 
EXPERIMENTAL PART
Material preparation -The investigated Fe-based alloy with 17 % of mass fractions of Mn (FeMn17) was produced from relatively pure Fe and Mn. Both materials were melted in an induction furnace under air atmosphere at approximately 1700°C and cast into two iron moulds. One mould was left to cool down in air atmosphere and the other one was after casting in mould, hot rolled at approximately 1000°C for a 33 % reduction. Parts of both samples were annealed at 1050°C for 1 h and then furnace cooled. The materials were analysed and the results were compared with pure Fe. The chemical compositions of the alloy and the pure Fe were determined using an X-ray fluorescence spectrometer XRF (Thermo Scientific Niton XL3t GOLDD+) and arepresented in Table 1 .
Metallographic investigation -Samples were cut with a water-cooled saw and cross-sections of the samples were prepared by the standard metallographic techniques of grinding and polishing. The samples were etched with 3 % Nital, an ethanol solution of HCl (aq) and an ethanol solution of HNO 3(aq) . The characterization of the material was performed using a light microscope (LM, Microphot FXA Nikon with Olympus DP73) and a scanning electron microscope coupled with an energy-dispersive spectrometer (SEM, JEOL JSM-6500F, EDS INCA ENERGY 400) for analyses of the inclusions and phases.
X-ray Powder Diffraction -The samples were measured using a Panalyitical XPERT Pro PW 3040/60 goniometer 2q between 15-90°with a step size of 0.002°a nd a scan step time of 100 s on each step. Cu with (K a = 0.154 nm) anode was used with a current of 40 mA and a potential of 45 kV.
Mechanical properties -The microhardness was measured by Vickers HV5 (5 kg load, 11s -Instron Tukon 2100B).
Electrochemical measurements -Were performed on prepared specimens, ground with SiC emery paper down to 1200 grit. The experiments were carried out in a simulated physiological Hank's solution, containing 8 g/L NaCl, 0.40 g/L KCl, 0.35 g/L NaHCO 3 
.06 g/L MgSO 4´7 H 2 O and 1 g/L glucose, at pH = 7.8. All chemicals were from Merck, Darmstadt, Germany. The measurements were performed using a three-electrode, flat BioLogic corrosion cell (volume 0.25 L). The test specimen was employed as the working electrode (WE). The reference electrode (RE) was a saturated calomel electrode (SCE, 0.242 V vs. SHE) and the counter electrode (CE) was a platinum net. Electrochemical measurements were recorded by using a BioLogic Modular Research Grade Potentiostat/Galvanostat/FRA Model SP-300 with an EC-Lab®software V10.44. The specimens were immersed in the solution 1 h prior to the measurement in order to stabilize the surface at the open-circuit potential (OCP). The potentiodynamic curves were recorded after 1 h of sample stabilisation at the open-circuit potential (OCP), starting the measurement at 250 mV vs. SCE more negative than the OCP. The potential was then increased, using a scan rate of 1 mV s -1 , until the transpassive region was reached. The linear polarisation measurements were performed at ±25 mV according to the OCP, using a scan rate of 0.01 mV s -1 .
RESULTS AND DISSCUSION

Microstructure characterization
The microstructures of all four samples, i.e., cast, hot rolled and both samples after annealing at 1050°C and furnace cooled down, are shown in Figure 1 . There is no difference in the chemical composition, where as there are some differences in the microstructure. In the cast sample, the cast structure occurs upon cooling, though the cooling rate is too high for equilibrium phase transformation, as predicted from the Fe-Mn phase diagram. We observed some boundary segregations rich in Mn and inclusions of MnS and TiN, which were also confirmed by the EDS analyses. The observed average grain size for these samples was approximately 350 μm. There was also some smaller porosity present in the microstructure. The cast + annealed sample (Figure 1b) has a similar microstructure with the same precipitations and inclusions that are ubiquitous at grain boundary and in the grains. The difference is in the much larger grain sizes (average of approx. 1200 μm) and more segregation of Mn at the grain boundaries according to the prolongation of the time available for the cooling after annealing.
In the hot-rolled sample was observed, beside austenite, also traces of strain-induced martensite and deformation twins. Due partly to the recrystallization, the microstructure consists of large and small grains. The After annealing the sample has a recrystallized microstructure with smaller grains, an average of approximately 40 μm and the strain-induced martensite is still present in the microstructure. This means the annealing temperature was too low or the annealing time was too short for complete recrystallization. The SEM imaging was performed at higher magnification for details of the microstructures (Figure 2) . In the microstructures of the hot rolled and the hotrolled + annealed FeMn17 samples the similar mixture of martensitic and austenitic microstructure was observed, similar to those previously described by Y. K. Lee at al. 10 , J. Martinez at al. 11 and M. Schinhammer at al. 12 However, there was no literature presenting only cast FeMn17 material. The EDS analyses were performed for a determination of the precipitations and inclusions in the microstructure (Figure 3) .
Microhardness
Microhardness by Vickers (HV) was measured with a 5-kg load for 11 s. The results are in Table 2 . The pure Fe has, as expected, the lowest microhardness. The higher microhardness is achieved in the hot-rolled samples, whereas the HV decreases with the annealing of the samples. In cast sample, the HV is not different according to the sample cast + annealed and cooled down with the furnace. On the other hand, all the HVs are lower thanthe one of the hot-rolled samples. 
X-ray powder diffraction
Diffraction peaks of the FeMn17 specimens correspond to the phases previously observed in FeMn17. These phases are similar to those observed by Y. K. Lee et al. 10 , J. Martinez et al. 11 and H. Hermawan et al. 13 in various Fe-Mn binary alloys at room temperature. Figure 4 shows observed peaks for the FeMn17 alloy and two starting materials, pure Fe and Mn. The highest peak at 2q = 43.6°corresponds to (111), the next peak at 50.5°t o (002) and the last peak, at 74.4°, corresponds to (022). The results correspond to a cubic crystal system, with the space group F m -3 m and space group number 225, the cubic cell unit is face centred (fcc). The XRD spectrum shows peaks at different 2q for pure Fe and Mn, which proves that all the starting materials were melted in a new alloy with a different cell unit and different chemical composition and mechanical properties was prepared.
The highest intensity peak forthe pure Fe, as a starting material, is observed at 44.8°and corresponds to (011), the next peak is observed at 82.4°corresponding to (112) and the peak with lowest intensity was at 65.1°, which corresponds to (002). This is also a cubic crystal system with a different space group, I m -3 m, and the space number is 229. The cell unit for used pure Fe, as the main alloying material is body centred cubic (bcc).
The other starting material used for the alloying was Mn. The XRD spectrum for the Mn shows main peaks at 43.0°, which corresponds to (330), next peak at 47.8°c orresponds to (332) and two peaks with similar intensities at 52.3°and 78.9°that correspond to (510) and (721), respectively. This is also a cubic crystal system with the space group I -4 3 m and the corresponding space group number 217, the cubic cell unit is body centred cubic (bcc). From the observed results it can be concluded that the alloy consists of just one phase, FeMn and some non-metallic inclusions. Any other potential phases in the alloy are below 2 %, which is also the limit of detection of the XRD technique. This corroborates SEM/EDS and LM results where onlysome additional non-metallic inclusions and Mn-rich grain-boundaries are present in the matrix of the investigated FeMn17 alloy. Figure 5 shows the comparison of XRD spectra between differently processed FeMn17 alloys. The only difference between the spectra is in the intensities of the peaks and not in the peak positions, which corroborates the fact that the only difference between these specimens was just the thermal and mechanical treatments. The most intense peak was for the first peak at 43.6°of FeMn17 that was cast in a metal mould, and hot rolled, while the preferential orientation was observed due to the hot rolling, which explains the decrease of the intensity of the peak at 74.4°in comparison to the other specimens. The annealing of the specimens reduces the preferential orientation so that the intensities in the XRD spectrum are shifted to lower values and become very similar to the samples just cast in a metal mould. Figure 6 represents the potentiodynamic behaviour of the investigated materials in a simulated physiological Hank's solution at pH = 7.8. The influence of different production parameters on the corrosion behaviour of the tested materials compared to pure Fe was investigated. After 1 h of stabilization at the OCP, the corrosion potential (E corr ) for pure Fe in Hank's solution was approximately -0.67 V vs. SCE. Hot rolled + annealed FeMn17 as well as cast + annealed FeMn17 alloys exhibited similar potentiodynamic behaviour as pure Fe, with E corr at approximately -0.68 V vs. SCE. In the case of cast + hot-rolled FeMn17 alloys the corrosion stability decreased compared to other three specimens and the Tafel region was shifted to higher corrosion-current densities and E corr was -0.74 V vs. SCE. None of the investigated samples in Hank's solution exhibited typical potentiodynamic behaviour with a passive region followed by a transpassive region. Figure 7 represents linear polarisation curves for the investigated samples in a simulated physiological Hank's solutionat pH = 7.8. The calculations were performed from linear polarization measurements using Equation (1):
Electrochemical measurements
The polarization resistance, R p , is evaluated from the linear polarization curves by applying a linear leastsquares fit of the data around ±10 mV E corr . The corrosion current, I corr , is calculated from R p , the least-squares slope, and the Tafel constants, b a and b c , of 120 mV decade -1 . The value of E (I = 0) is calculated from the least-squares intercept. The corrosion rate was calculated by using the following conversion equation (2):
where EW is the equivalent weight of the sample in g, A is the sample area in cm 2 , d is its density in g/mL, and C is a conversion constant, which is dependent upon the desired units. The results demonstrated steeper linear polarisation curves and therefore a lower corrosion resistance of cast + hot-rolled FeMn17 alloys compared to pure Fe, cast + annealed FeMn17 and hot rolled + annealed FeMn17 alloys. The corrosion parameters calculated from the linear polarisation and potentiodynamic measurements in a simulated physiological Hank's solution indicated that the corrosion stability of the cast + hot rolled FeMn17 alloys was lower compared to pure Fe, cast + annealed and hot rolled + annealed FeMn17 alloys. This was proven by the higher corrosion currents (I corr ), the higher corrosion rates (v corr ) and the lower polarization resistances (R p ), compared to pure Fe, cast + annealed and hot rolled + annealed FeMn17 alloys ( Table 3) . A wide variety of biodegradability/corrosion studies have been made using the electrochemical testing of the desired designed materials due to aconvenient and easy method to evaluate the corrosion property by testing theOCP (open-circuit potential), polarization curves and EIS(electrochemical impedance spectroscopy) via a three-electrode system. [6] [7] [8] 12, 13, [15] [16] [17] Very similar results of corrosion testing with potentiodynamic testing were observed by H. Hermawan 13 with one distinctive difference, our pure Fe behaved biodegradability much more similar to the FeMn17 alloy than theirs.
In the present biodegradable material design study, the three design criteria as listed by H. Hermawan 1 have been considering fordeveloping a new alloy for biodegradability: a) mechanical properties that approach to those of AISI 316L; b) degradation rate that matches with the remodelling period (6-12 months) A. Schomig et al. 14 and complete disappearance of the implant material within a reasonable period (corrosion rate in the range of 0.1 mm/year); and c) no toxic substances are released during the degradation process (just pure Fe and Mn with minor non-metallic inclusions). 
CONCLUSIONS
In the present study, we focused on a comparison of the biodegradability of a produced FeMn17 alloy after different preparation processing, i.e., casting, hot rolling and annealing. All the prepared specimens were compared to pure Fe.
With additions of Mn the mechanical properties increase and the corrosion resistance decreases. The process parameters influenced the biodegradability as well as the mechanical properties. The produced material, cast and hot rolled, has interior stress and that increases the biodegradability, though the annealing process increases the stability of the material and the corrosion resistance. The microstructure differences of the material are notable in the grain growth of the annealed sample and the recrystallization in the annealed hot-rolled sample.
The electrochemical investigation confirmed the enhanced biodegradability of the developed FeMn17 alloy compared to pure Fe. We confirmed that cast as well as additionally hot-rolled specimens exhibited a pronounced corrosion instability compared to the annealed material.
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